Midface hypoplasia as exemplified by Treacher Collins Syndrome (TCS) can impair appearance and function. Reconstruction involves multiple invasive surgeries with variable long-term outcomes. This study aims to describe normal and dysmorphic midface postnatal development through combined modeling of skeletal and soft tissues and develop a surgical evaluation tool.
Summary
Midface hypoplasia as exemplified by Treacher Collins Syndrome (TCS) can impair appearance and function. Reconstruction involves multiple invasive surgeries with variable long-term outcomes. This study aims to describe normal and dysmorphic midface postnatal development through combined modeling of skeletal and soft tissues and develop a surgical evaluation tool.
Midface skeletal and soft tissue surfaces were extracted from computed tomography scans of 52 control and 14 TCS children then analysed using dense surface modeling. The model was used to describe midface growth, morphology and asymmetry then evaluate postoperative outcomes.
Parameters responsible for the greatest variation in midface size and shape showed differences between TCS and controls with close alignment between skeletal and soft tissue models. TCS children exhibited midface dysmorphology and hypoplasia when compared with controls. Asymmetry was also significantly higher in TCS midfaces. Combined modeling was used to evaluate the impact of surgery in one TCS individual who showed normalisation immediately after surgery but reversion towards TCS dysmorpology after 1 year. This is the first quantitative analysis of postnatal midface development using combined modeling of skeletal and soft tissues. We also provide an approach for evaluation of surgical outcomes laying the foundations for future development of a preoperative planning tool.
Introduction
Treacher Collins Syndrome (TCS) is an autosomal dominant disorder of varying penetrance that typifies midface dysmorphia. It has a global incidence of 1:50,000 live births (Conte et al., 2011) and is caused by mutations in the TCOF1 gene. Affected children display various skeletal and soft tissue deformities but downward slanting palpebral fissures and zygomatic hypoplasia, which result in midface deformity, are the most consistent clinical abnormalities (Teber et al., 2004) . They have problems with feeding, speech, vision and self-esteem.
Reconstruction usually requires invasive procedures such as distraction-osteogenesis, foreignbody implants and/or tissue transfer (Cobb et al., 2014) . These corrections do not completely integrate or grow in harmony with the rest of the face. Thus, surgery is rarely fully or permanently restorative (Dufresne and Richtsmeier, 1995) .
3-dimensional (3D) reconstructed images from preoperative scans are currently used to plan surgery. Although this increases accuracy, it does not take into account growth and development. Craniofacial bone growth has traditionally been assessed using cephalometric studies (Bergman et al., 2014; Mellion et al., 2013) , computed tomography (CT) scans of dry skulls (Harnet et al., 2013; Nikkhah et al., 2013) or indirectly by extrapolating data from soft tissue to the underlying skeleton (Krimmel et al., 2015) . Reliance on plain radiographs or CT scans has limited the number of studies that could be undertaken in healthy children who do not normally have such imaging. In contrast, soft tissue growth and morphology has been extensively studied in normal and abnormal development as measurements can be easily obtained through anthropometrics (Farkas et al., 1992; Tutkuviene et al., 2015) or surface modeling using 3D imaging (De Souza et al., 2013; Koudelová et al., 2015; Suttie et al., 2013) . Craniofacial shape and variation can be quantified using morphometric analysis (MA) which has been widely used to study heterogeneity in soft tissues of the face, classify nongenetic diseases, demonstrate normal growth and facial asymmetry and link gene expression to facial phenotype (De Souza et al., 2013; Hammond et al., 2003; Hopman et al., 2014) .
Whilst quantitative analysis of the facial skeletal tissues for preoperative planning has been undertaken in TCS, this only used cephalometric analysis or focused on mild dysmorphism (Chong et al., 2008; Nikkhah et al., 2013) . Hence, computer-aided modeling of severe TCS defects and of the relationship between skeletal and soft tissue shape and growth is still needed to evaluate efficacy of surgery and plan reconstruction.
This study aims to provide a quantitative description of growth and symmetry of normal midface development and assess how this is affected in TCS using the relatively large number of craniofacial CT scans available at Great Ormond Street Hospital (GOSH). We used MA to model the relationship between the shape of skeletal and soft tissues during postnatal midface development. This will form the basis for developing more accurate tools for evaluating and planning midface reconstructive surgery.
Methods

Patient inclusion
Retrospectively collected anonymised CT scans of the face of control and TCS children were acquired from the radiology department at GOSH. Controls were patients coded as not having craniofacial defects and had undergone CT scanning of the head for other reasons (e.g. vascular malformation, oncology or otorhinolaryngology). Children with TCS were identified through international diagnostic clinical codes for the disease and clinic letters cross-checked to ensure that diagnosis was accurate. Confirmation was obtained through the National
Research Ethics Service that the study did not require Research Ethics Committee approval as it fulfilled their criteria of "projects using non identifiable data that was routinely collected not for research".
Image processing and extraction of surfaces
Using the Procrustes algorithm to compute mean landmarks and thin-plate splines, face/skull surfaces were warped to the mean landmarks, which enabled the set of face/skull surfaces to be closely aligned. This allowed points on a selected face/skull to be mapped to closest points on all others to induce a dense surface correspondence of tens of thousands of points enabling computation of the mean midface surface (skeletal or soft). Position differences between the densely corresponded points on each midface surface and those on the mean midface were subjected to Principal Component Analysis (PCA). Principal Components (PCs) accounting for 99% of face variation were used to build a 3D Dense Surface Model (DSM) for synthesis of midface structures (Hopman et al., 2014) for skeletal and soft tissues.
Reflection-Original Analysis
Facial asymmetry analysis involved generating a reflected form of each surface and relabeling left-right landmarks before building a DSM of original and reflected midface surfaces (Hammond et al., 2008) . The Euclidean distance between the DSM representations of the original and reflected faces was used to estimate asymmetry.
Statistical Analysis
Graphpad Prism software was used to generate all charts and graphs apart from 3D scatter plots which were created using SPSS. Linear regression analysis was used to compare the differences between TCS and control children with respect to the first two PCs in the skeletal and soft tissue DSM as well as the asymmetry index. P values were calculated to test whether differences between slopes and intercepts of the regression lines of the TCS and Control subgroups were significant different (p<0.05). Bootstrapping was used to generate confidence intervals for the asymmetry index values in SPSS. Unpaired 2-tailed t-test with Welch's correction was used to analyse mean difference of asymmetry indices and cephalometric measures between the TCS and control subgroups (p<0.05).
Results
Sample characteristics and landmarks used for DSM building
Sixty-eight CT scans of patients (52 controls, 14 preoperative TCS and 2 postoperative TCS) were used to extract a soft tissue and skeletal tissue surface for each patient in this study ( Figure 1 ; Table 1 ; Supplementary figure S1). Gender ratio was 28:23 (male:female) in control group and 8:6 in the TCS preoperative group. Age was distributed from 1-16 years Forty-five skeletal and 24 soft tissue landmarks were used to annotate each skeletal and soft tissue surface respectively building separate skeletal, soft tissue and combined DSMs ( Figure   1 ; Table 1 ; Supplementary figure S2).
Combined modeling reveals close alignment between skeletal and soft tissue morphology
The first PC (PC1) was responsible for 54%, 58% and 54% of variation in the skeletal, soft tissue and combined models respectively. When plotted against age, PC1 corresponds to overall midface growth (length and width) ( Figure 2A ; Video 1). In the skeletal model, the PC1-age regression line has a significantly non-zero slope in controls (slope=0.1795 ± 0.0104, p<0.0001) and TCS (slope=0.1727 ± 0.03917, p=0.0009) indicating a linear relationship between age and PC1. The difference in slopes is not significant (p=0.8152) suggesting similar rates of growth for both groups whilst difference in the intercepts (p<0.0001) reflects reduced midface size in TCS. In the soft tissue model, there is also a linear relationship between age and PC1 (slope=0.1928 ± 0.0102; p< 0.0001) in controls and TCS (slope=0.1383 ± 0.05277; p=0.0224) again with similar slopes (p=0.1056) but differing intercepts (p=0.0003). In the combined model, PC1 also relates to age in controls (slope=0.1896 ± 0.009142, p<0.0001) and TCS (slope=0.1639 ± 0.04472, p=0.0032) with lack of difference in slopes (p=0.3756) and significant difference in intercepts (p<0.0001).
PC2 mainly relates to midface width and depth ( Figure 2B ; Video 2) and accounts for 11%, 12% and 11% of variation in the skeletal, soft tissue and combined models respectively. In the skeletal model, the linear regression line for controls has a significantly non-zero slope (slope=-0.05733 ± 0.01102, p< 0.0001) indicating a direct relationship between age and PC2 which is not the case for TCS (slope=-0.03037 ± 0.07958, p=0.7094). Controls and TCS do not show significant difference in regression line slope (p=0.5516) but do so for intercept (p<0.0001) likely due to the narrower and shallower midface in TCS. The soft tissue DSM reveals a significant relationship between age and PC2 for controls (slope=-0.07150±0.01841, p=0.0003) but not for TCS (slope=-0.04613 ± 0.06012, p=0.4577) with similar slopes (p=0.5986) but different intercepts (p<0.0001). The combined DSM is consistent with the skeletal and soft tissue models demonstrating a linear relationship between age and PC2 in controls (slope=-0.06683 ± 0.01370p< 0.0001) but not TCS (slope=-0.05497 ± 0.07358, p=0.4694) without significant difference between TCS and control slopes (p=0.7961) and significant difference in intercepts (p<0.0001).
Bivariate analysis of the first two PCs supports the relationship between skeletal and soft tissue growth and morphology (p<0.0001) shown by the DSM (Supplementary figure S3) .
PC3 mainly describes midface width and length (Video 3). Along with PC1 and PC2, the first three PCs account for 70%, 79% and 71% of all shape variation in the skeletal, soft tissue and combined models (Video 1-3). A 3-d scatter plot ( Figure 2C ) of PC1-3 shows separate clustering of controls and TCS but overlap of 5 TCS individuals who are located within or close to the control data set likely reflecting phenotypic heterogeneity. The similar appearance of the scatter plots of all three DSM suggests that skeletal and soft tissue midface morphology is closely aligned with respect to PC1-3.
Heat maps reveal shape differences in the TCS midface
Heat maps were used to compare a 4 year old with TCS to age-sex-ethnicity-matched controls (n=20) and visually represent the differences described by the DSM ( Figure 3A ). In the surface normal comparison, the zygomatic and temporal bone regions in the skeletal model and corresponding soft tissue areas (malar and bitemporal) demonstrate malar hypoplasia and bitemporal narrowing (red in Figure 3A ) whilst frontal and nasal regions in both models illustrate prominence of the nose (blue in Figure 3A ) and relatively (compared with malar region) enlarged forehead which are characteristic of TCS (Kolar et al., 1985) . In the lateral (X-axis) and vertical (Y-axis) comparisons there is midface narrowing and shortening respectively (red in Figure 3A ). Along the depth (Z-axis), the fronto-nasal region shows reduction in depth (red in Figure 3A) . As a whole, this individual exhibits midfacial, orbital and zygomatic hypoplasia that is typical of TCS dysmorphism (Kolar et al., 1985; Kolar et al., 1987) . These typical features were similarly demonstrated using dynamic morph of an older 12 year-old TCS individual (Video 4).
The average TCS midface was generated using the means of the PC values for all of the TCS models and compared with age-sex-ethnicity-matched controls (n=14) to generate a heat map ( Figure 3B ). The corresponding soft tissue areas reflect malar hypoplasia in the surface comparison (red-yellow in Figure 3B ). Enlargement of the fronto-nasal area in the skeletal model corresponds with the relative enlargement of the forehead and prominent nose (blue in Figure 3B ) in the soft tissue heat map. Along the X-axis, there is zygomatic narrowing in the skeletal model whilst both skeletal and soft tissue models reveal shortening (red in Figure 3B) along the Y-axis.
Cephalometric analysis of midface soft and skeletal tissue surfaces supports DSM findings
To validate our models, we analysed cephalometric measurements of midface size (width, length and depth) (Table 2, Figure 1 ). Analysis demonstrates reduction in width of unoperated TCS midfaces compared with controls in both skeletal (p=0.0033) and soft tissue models (p=0.0009). Midface depth is also significantly different in skeletal (< 0.0001) and soft tissue (< 0.0001) measurements.
Comparison of preoperative, immediate postoperative and one year postoperative TCS
Heat maps of a male individual with Treacher Collins syndrome reveal zygomatic hypoplasia preoperatively with corresponding loss of soft tissue volume in the malar region (red in Figure 3C (a)) compared with age-sex-ethnicity-matched controls (n=20). This patient underwent reconstruction with bone grafts and immediate results show improvement in the skeletal and soft tissue hypoplasia (blue-green in Figure 3C(b) ). A year later, the zygomatic bones are corrected but beginning to resorb (green-yellow-red in Figure 3C (c)) and soft tissue appears hypoplastic (red in Figure 3C 
Asymmetry of the midface is increased in TCS
The difference of the PCA representations of original and reflected forms was used to visualize and measure asymmetry of the midface in each individual ( Figure 2D ). The mean asymmetry index of the midface in the TCS subgroup is significantly higher than in controls in the skeletal (p<0.0001) and soft tissue (p<0.0001) models. The mean asymmetry index of controls (skeletal=123, Soft tissue=87.59) was compared with that of TCS (skeletal=197.8, soft tissue=123) and demonstrated differences in both skeletal (p=0.0018) and soft tissues (p=0.0033) ( Table 3) . Bootstrap confidence intervals for these comparisons did not show any possible correlation.
Discussion
This study is the first to describe facial growth and morphology in a healthy and syndromic paediatric population using combined skeletal and soft tissue modeling. This builds on the work of Liebregts et al who showed that surfaces acquired from pre and postoperative CT images can be used to plan mandibular advancement surgery . Their study accurately predicted soft tissue changes post surgery and was validated in another paper published by this group using the same technique to plan bimaxillary correction . These papers provide important evidence supporting virtual planning of surgery but are limited to non-syndromic adults and adolescents. More recently, Young et al also used CT images to extract soft tissue and skeletal 3D surfaces of the face in patients aged 7-58 (n=175) (Young et al., 2016) . Using geometric morphometrics, they analysed skeletal and soft tissue shape to show significant covariation providing evidence that skeletal shape can be predicted using soft tissue morphology. Whilst we also built our models using CT reconstructions of skeletal and soft tissue surfaces, we show close alignment between morphology of the midface skeleton and its soft tissue envelope using individual and combined DSM for normal and TCS midface postnatal development. Through this we have quantified changes in midface width, depth and size to describe the skeletal and soft tissue defects in TCS. We also revealed evidence of significant midfacial asymmetry in TCS not previously reported (Dixon, 1996) . Our results are supported by the findings of anthropometric studies of the face by Kolar et al (Kolar et al., 1985) who demonstrated reduced face width, reduced depth and normal length in TCS. Whilst they concisely described the dysmorphism in TCS using well-established protocols, their study only included 6 children and was restricted to soft tissue morphology. Skeletal dysmorphism in TCS was previously analysed by Nikkhah et al (Nikkhah et al., 2013) who used cephalometric measurements on preoperative CT scans of TCS and control (dry) skulls which were then compared using PCA to quantify the dysmorphism in TCS and attempt virtual normalization.
Their study only analysed skeletal models and excluded severe defects. An attempt at correlating skeletal and soft tissue findings in TCS was made by Herlin et al ) who used CT reconstructions for skeletal analysis and Magnetic Resonance Imaging (MRI) for the soft tissue study to perform surgical simulation. Whilst this presented the first quantitative analysis of subcutaneous soft tissue volume in TCS, limitations included a small sample size on the MRI study (n=2 TCS) and methodology that disallowed direct correlation between skeletal and soft tissues. Additionally, we used our model to compare a pre and postoperative TCS patient against controls to evaluate efficacy of surgery.
This demonstrated immediate correction that was not maintained at one year. More CT scans are required to assess whether this is due to the type of surgery performed or limitations in preoperative planning tools and if there will be ongoing reversion to TCS phenotype.
Our study is limited by the relatively small sample size especially with regards to the postoperative evaluation patient (n=1). An increased sample size, different surgical procedures and most importantly repeat CT scan data for each individual over a prolonged period of time are needed to build a tool which can model growth trajectories for each child.
This would allow identification of the most variable regions in face growth and shape and correlation between the dependent variables. The combined model needs further analysis to accurately assess how it correlates with the individual DSM to understand how changes to the skeletal DSM affect the soft tissue and the reverse. This would permit development of a surgical planning tool with adequate predictive capabilities so that immediate and long-term morphology and growth can be simulated. The increase in sample size and longitudinal data collection is more easily achievable in the TCS cohort who often have repeat scans but may be difficult with regards to controls thus a multi-center study will be necessary.
Conclusion
This study shows that a combined model can be generated to relate skeletal and soft tissue changes during normal and TCS midface postnatal development. Heat maps and PCA were used to describe the dysmorphism in TCS and evaluate the impact of a common surgical procedure revealing that whilst correction maybe achieved in the short-term, it may not be maintained long-term. This combined approach could eventually be used to develop a surgical planning tool and extended to other parts of the face using similar protocols. Figure S1 ). Video 1: Principal Component 1. Dynamic morphs reveal the change in midfacial appearance that are described by PC1, which relates to overall face size and is associated with age in our DSM (± 2 STD). The relationship between growth and morphology in the skeletal and soft tissues can also be seen.
Tables
Video 2: Principal Component 2. Video shows that PC2 is associated with midface width and depth, which is revealed by dynamic morphing of the surfaces in our model (± 2 STD).
The relationship between the skeletal and soft tissues changes can also be seen.
Video 3: Principal component 3. Dynamic morphing of the midface surfaces reveals the association between midface width and length with PC3 (± 2 STD). There is also evidence of overlap between the changes described by all 3 PCs. The relationship between the skeletal and soft tissues can also be seen. 
